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A 2D ow control wind tunnel model was designed based on the visualization of separation
behavior as a function of angle of attack. The NACA 0036 airfoil model was pressure instru-
mented and equipped with synthetic jet ow control actuators at 30% and 65% chord on both
sides of the model. Wind tunnel measurements of the airfoil pressure distribution and wake
velocity surveys were conducted for a wide range of actuator performance and conguration
at angles of attack from 0 to 10. The test results illustrated the importance of actuator slot
position with respect to the separation location. The 65% slot location provided the most
eective separation control for 0 and 5 angle of attack, while the 30% slot location was most
eective at 10. For the test cases at 5, CFD results were obtained using an incompressible
RANS method. The numerical results did not capture the separation locations for the base-
line cases with no control. The CFD also predicted the opposite trend for the optimum slot
location when compared with the measurements.
Nomenclature
A Rotor disk area, R2
c Airfoil chord, ft
CT Thrust coecient







Cdp Pressure drag coecient
Cdv Total drag coecient, presssure + viscous
Ca Chordwise pressure force coecient
Cn Normal pressure force coecient
fa Flow control actuator frequency, Hz
fe Eective at plate area, ft
2
h Width of actuator slot exit, in
F+ Actuator frequency, = fac (1  xs=c) =U1
Ps Static pressure, lbs=ft
3
Pt Total pressure, lbs=ft
3
Re Reynolds number based on chord length
Rmax Maximum range, nm
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R Rotor radius, ft
U1 Freestream velocity, ft=s
vj Actuator peak slot exit velocity, ft=s
xs Actuator chordwise slot location, ft
 Angle of attack, deg
 Wake displacement thickness / chord





NE of the most notable dierences between xed-
wing aircraft and helicopters is the primary source
and magnitude of cruise drag. In general, the cruise drag
of a xed-wing aircraft is one order of magnitude lower
than for a helicopter of the same gross weight.1 The
primary source of parasitic drag for a xed-wing aircraft
(such as a typical jet transport) is skin friction, while
the primary drag source for a helicopter appears to be
blu body drag from pylon/hub/fuselage/landing gear
ow separation and interference. In the case of xed-
wing aircraft, the reduction of skin friction drag has led
to vast amounts of research into laminar ow control. In
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the case of helicopters, the reduction of blu body drag
has led to research eorts primarily focused on stream-
lining the rotor hub and fuselage, i.e., passive separation
control.2, 3 In fact, these eorts began in the early days
of helicopter research by the NACA.4 One of the disad-
vantages of using passive ow control, is however, that
most concepts are a point design.
The following example illustrates the challenge of he-
licopter drag reduction. Considering a generic mili-
tary transport helicopter, for which the maximum range
Rmax is a function of the specic fuel consumption SFC
, fuel weight fraction f , best range speed br, and the













Using simple approximations for the power breakdown,







and so the relationship between the maximum range and







The sensitivity of maximum range to changes in at plate












and so even a 30% drag reduction would only provide a
15% increase in maximum range. Using a more detailed
analysis (that includes engine and rotor performance),
the simple result of Eq. 4 is veried in Fig. 1 where a
33% drag reduction is predicted to increase range by
only 12%. The reason for this ratio is that a decrease in
drag increases the speed for best range and therefore the
rotor must operate at a higher advance ratio. This ex-
ample calculation illustrates the need for advanced ow
control techniques capable of dramatic reductions in the
drag of various components that contribute to the equiv-
alent at plate area of the helicopter. The focus of this
paper centers on using active separation control as a
means to reduce helicopter separation drag on a thick
pylon/fairing airfoil.
The ow over a rotor pylon has the potential to in-
crease drag in two ways. First, the pressure drag contri-
bution of the pylon itself is increased by ow separation;
but, the interference drag of the fuselage will also in-
crease. Not only does separation dramatically increase
the form drag of the helicopter, but it also produces an
unsteady wake that trails downstream and interacts with
the tail boom, the horizontal and vertical stabilizers,
and the tail rotor blades. These eects are amplied
with pitch and yaw angles of the fuselage encountered
during transient gusts, maneuvers, and during sustained
low-level terrain-avoidance ight. The motivations for








































+ 40 n. miles
assuming
2000 lbs fuel
Wt = 16,000 lbs
Density altitude = 0 ft
SR = nautical miles / lb of fuel
30% parasite drag reduction
= 12% range increase
Fig. 1 Example calculations of the sensitivity of
specic range to equivalent at plate area.
minimizing ow separation are the potential increase in
range, speed, and specic productivity,5 improvement
in forward ight and climb performance, and reduction
of the airframe vibration and tail rotor acoustics associ-
ated with separated wakes.6 Recently, active ow control
technology has been applied to the retreating blade stall
problem on helicopter rotor blades,7 and to the hover
performance issues associated with tiltrotors.8, 9
As a rst step in extending active ow control tech-
nology to a thick symmetric fairing, a NACA 0036 was
chosen as the baseline 2D test geometry. While this
airfoil does not represent a component on a particular
aircraft, the shape is very similar to a typical pylon fair-
ing found on a number of vehicles. As the measurements
and computations illustrate, this airfoil presents a signif-
icant challenge for separation control, even at  = 0,
when roughness is applied to the leading edge. The
objective of this study was to demonstrate active separa-
tion control using periodic momentum injection10 with
both measurements and computations11 in order to bet-
ter understand the relevant ow physics. This ongoing
work is part of a joint US Army / Israel MOA cooper-
ative research program entitled, \Task 16: Rotorcraft
Pylon/Fuselage Drag Reduction by Active Separation
Control".
Experimental Apparatus and Procedure
Fluid Mechanics Research Lab
A preliminary set of wind tunnel measurements was
acquired in the NASA Ames Fluid Mechanics Lab
3200x4800 low speed wind tunnel (see Fig. 2). This tunnel
is an in-draft open circuit design with a 9-to-1 con-
traction ratio, honeycomb, screens, and a sonic choked
throat in place of a diuser. The benet of the sonic
throat (see Fig. 2) over a diuser is important for tests
with large amounts of ow separation and highly un-
steady wakes. Since the test section is terminated with
a contraction, the unsteady wake is damped, while the
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Fig. 2 NASA Ames Fluid Mechanics Research Lab-
oratory (FMRL).
sonic throat prevents interactions that might otherwise
propagate upstream from the diuser. The solid body
blockage during this test was high, but since the ob-
jective was a \delta" comparison, the tradeo between
Reynolds number scaling issues and wind tunnel bound-
ary interference resulted in a 2 ft chord model providing
Reynolds numbers of approximately one million.
NACA 0036 Airfoil Model
The model was equipped with ow control actuators
at two chord-wise stations on both sides of the airfoil
(Fig. 3). An upstream slot was located at 30% chord,
and a downstream slot was located at 65% chord. Com-
binations of slotted cover plates and baseline cover plates
with no slots were used in various congurations. For the
baseline cases, no slots were open on the airfoil surface,
and the slotted cover plates were replaced by cover plates
contoured to the airol surface coordinates. For the ow
control cases, only the slots that were being actuated
were open. In these cases, the unused slots were replaced
by the baseline cover plates. This avoided disturbances
from an upstream un-actuated slot from interfering with
the performance of the downstream slot, and vice versa.
For all of the cases, a leading edge roughness strip was
applied to the upper and lower airfoil surface at 5% chord
(Fig. 4). Surface ow visualization was used to conrm
that the strip forced transition by comparing the results
downstream of the strip with natural transition.
Flow Visualization
Both surface and wake ow visualization were con-
ducted for the primary test cases. Figure 5(a) shows an
example image of using uorescent oil ow to determine
separation locations. The oil was mixed with a solvent
and then air brushed onto the surface creating an or-
ange peel pattern. The wind tunnel was then brought up
to speed, and the regions of high/moderate shear stress
were marked by streaks of oil, while the regions of low
shear stress indicated very little change from the original
texture. Figure 5(b) shows an example of smoke visual-
ization of the separated wake. In these images, the ow
is moving from top to bottom over the aft part of the
suction side of the airfoil. Streamlines are marked by
Fig. 3 NACA 0036 airfoil with pressure instrumen-
tation and actuator slots.
Fig. 4 Comparison of free and forced transition
showing the eectiveness of the boundary layer trip
roughness strip.
smoke laments trailing from a rake at the tunnel inlet.
A strobe was used to freeze the coherent ow structures
that comprise the separated shear layer. In other cases,
a single smoke lament was trailed so that it encoun-
tered the stagnation point on the airfoil leading edge.
This allowed the ow near the surface to be visualized
as it formed a separated shear layer.
Test Conditions
The experimental data was obtained for angles of at-
tack  = 0; 5; and 10 at a chord Reynolds number of
0.904 million. For each test case, chordwise pressure
distributions and wake surveys were obtained with con-
trol on and o. The slot velocity was calibrated using a
hotwire placed along the centerline of the slot exit and
moved into the slot until an equally rectied velocity sig-
nal was detected. All of the measurements in this paper
used the leading edge roughness strips at 5% chord. For
each case, a wake survey was conducted with a pitot-
static probe at 1:67c downstream from the trailing edge
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a) Fluorescent oil surface ow visualization.
b) Smoke ow visualization.
Fig. 5 NACA 0036 airfoil model during ow visual-
ization study.
at very ne spacing to resolve the wake velocity decit
prole. Static pressure measurements were made over
a 30 sec averaging time at a 1 kHz sampling rate. All
pressure measurements were acquired using a PSI 8400
pressure system. After preliminary ow visualization on
a blank NACA 0036 airfoil, pressure taps were clustered
near the separation locations at  = 0 and  = 10.
Numerical Method
The ow eld over the airfoil was computed using Flu-
ent 6. The purpose of the computational analysis was to
provide mutual validation to the experimental study, and
to gain a better insight into the ow mechanism that de-
velops during the application of oscillatory ow control.
Formulation
The incompressible formulation of the RANS equa-
tions was solved to simulate the ow eld. Several eddy-
viscosity turbulence models were used, mainly, Menter
k{! SST model12and Realizable k{ model.13 The rst
model is widely considered as the most reliable two-
equation model for external ows. The second model,


















































Fig. 6 Diagram of the CFD solution domain and
boundary conditions.
viscosity formula involving a variable C and a model
equation for dissipation () based on the dynamic equa-
tion of the mean-square vorticity uctuation. This
model has been extensively validated for a wide range
of ows, including boundary layer and separated ows.
The computational results using the two models were
very similar.
Boundary Conditions and Grid
The computational set-up and the boundary condi-
tions are plotted in Fig. 6. Velocity-inlet boundary
conditions are dened upstream, followed by a contrac-
tion with slip-walls. The incoming velocity is set so that
the velocity in the test-section entrance matches the ex-
perimental conditions. The airfoils and the test section
walls are dened as no-slip walls. Both non-equilibrium
wall-functions and enhanced wall treatment (solution up
to the wall) were applied, where the solution mesh was
set so that the cell size near solid walls is of the order
of 100 (in Y +) for the rst case, and of the order of
10, for the second case. Pressure outlet conditions were
set at the exit. The solution mesh was generated by
ICEM-CFD-HEXA using quad-elements. The mesh is
stretched towards the walls, to produce proper wall res-
olution. The mesh includes 40000 cells, with 73 nodes
in the radial direction, 530 nodes in the circumferential
direction, and about 1000 cells in the wake (Fig. 7).
Computational Procedure
Time dependent calculations were carried out, with a
time step that is about 1=20 of the ow pass-through
time. The time integration scheme is second-order im-
plicit. The solution kernel is the Fluent segregated
solver, using second order pressure interpolation scheme,
SIMPLEC pressure-velocity coupling and second-order-
upwind scheme for the momentum equation. The tur-
bulence models were solved by either rst-order-upwind
or by QUICK scheme. Solution iterations were car-
ried out till the norms or the equation residuals were
reduced by about four orders of magnitude. Mesh-
dependence tests were performed, showing satisfactory
solution mesh-independence in the present mesh.
Results and Discussion
At rst, it was assumed that the baseline case for a
NACA 0036 airfoil would be straight forward; however,
the additon of leading edge roughness created an inter-
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b) Closeup of slot exit at 65%.
Fig. 7 NACA 0036 airfoil CFD grid.
esting ow physics test case for CFD.
Surface Flow Visualization: Design of the NACA
0036 Flow Control Airfoil
An un-instrumented NACA 0036 airfoil model was
constructed with no actuators in order to experimentally
determine the proper location of the muliple actuator
slots. An example of the results of uorescent oil ow
visualization is shown in Fig. 8. The airfoil boundary
layer surface coordinate s=c was marked with Roman
numerals, and the turbulent separation line was clearly
marked by the bright accumulation line of oil shown in
Fig. 8. These preliminary experiments were also used
to verify 2D ow over the center section of the airfoil.
Figure 9 shows the 3D eects that occur near the air-
foil / wall junction. The results veried that the center
2=3 of the airfoil exhibited no spanwise variation in the
separation behaviour.
Fig. 8 Experimental determination of separation
locations using uorescent oil surface ow visualiza-
tion.
Fig. 9 3D separation locations near the model/wall
junction using uorescent oil surface ow visualiza-
tion.
As shown by Fig. 10, the measured separation location
moved approximately 30% chord and so two actuator
slots at the extrema were studied in these experiments.
An upstream slot was located at x=c = 30%, and a down-
stream slot was located at 65%. The slot exit angle was
approximately 30 from the surface tangent.
Baseline Cases: No Control
The measured and computed pressure distributions for
the baseline NACA 0036 airfoil without slots or control
are shown in Figs. 10 and 11. For these cases, the slot-
ted cover plates on the actutor bays were replaced with
cover plates with the airfoil contour and no slots. In ad-
dition, results were measured with slots that were not
actuated, and there was a signicant dierence in drag
and separation location when compared with the clean
baseline conguration. The penalty of the un-actuated
slots increased for the upstream slot location.
One clear dierence between the experiment and the
CFD was the separation location movement with angle
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NACA 0036 Pressure Tap Locations
Fig. 10 Measured baseline pressure distributions for
 = 0 to 10, Re = 0:9 million.
of attack. In the experiment, the separation moved from
80% chord to 50% chord, and this prevented the full in-
visicid suction pressure from being realized at the leading
edge. The CFD results showed a migration of the sep-
aration location from 90% chord to 70% chord, and so
much larger suction pressures were able to form around
the leading edge. The reduction in base pressure mea-
sured at the trailing edge was not observed in the CFD.
The increased severity of separation (see ow visualiza-
tion images in Fig. 12) was also observed in the measured
wake velocity proles shown in Fig. 13.
The variation of lift and drag with angle of attack is
shown in Fig. 14 for the measured and computed re-
sults. For this type of airfoil, the separation behavior
dominates the nonlinear variation of the forces with an-
gle of attack. Figure 14(a) shows how the movement of
the separation location upstream from  = 0 to  = 5
causes the lift to decrease to a negative value. The rea-
son for negative lift with positive angle of attack can be
observed in the pressure distribution found in Fig. 10.
The signicant amount of separation forces a cross-over
in the pressure distribution over the aft section of the
airfoil and a reduced suction pressure over the leading
edge. This eect was not captured by the CFD results
shown in Fig. 11. Note that the CFD results in Fig. 14(b)
include the total drag, while the measurements only in-




































NACA 0036 CFD Results
Fig. 11 Computed baseline pressure distributions
for  = 0 to 10, Re = 1:0 million.
Fig. 12 Baseline smoke ow visualization.
Flow Control Cases
The primary result from this work was the measured
eect of slot location for the same actuator output. By
varying the angle of attack from 0 to 10, the separation
location was moved from near the downstream actuator
slot to near the upstream actuator slot. The summary of
the integrated forces with and without control is shown
in Figs. 15 to 17. In these comparisons, the baseline case
represents the clean airfoil with no slots. All of the ow
control cases were run at the same < C > 0:4% for
each slot. In all cases, slots were run on both sides of the
model with the actuators set to 120Hz. This provided
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Fig. 13 Measured baseline wake surveys for  = 0
to 10, Re = 0:9 million
a non-dimensional actuator frequency of F +  1 for the
downstream slot and F +  2 for the upstream slot.
In Fig. 15, the initial negative lift curve induced by
ow separation was alleviated by the upstream slot and
changed to positive by the downstream slot. Figure 16
shows the integrated pressure drag, Cd, as a function of
angle of attack and actuator slot position, xs=c. At  =
0, the downstream slots were slightly more eective at
reducing pressure drag by 37%. At 5, the upstream slots
showed a loss of eectiveness, while the downstream slots
maintained a 33% drag reduction. The results for 10 in
Fig. 16 were complicated by the fact that as separation
is prevented - an additional normal force is gained, and
so the lift induced pressure drag term increases: where
the pressure drag is
Cd = Ca cos () + Cn sin () (5)
For this reason, the results are more clear when the
chordwise drag force Ca is plotted in Fig. 17. In this
case, the chordwise drag force was directly related to
the amount of ow separation. As shown, there is a cross
over in the optimum slot location between 5 and 10,
where the upstream slot becomes more eective as the
separation point moves upstream toward the slot. As
shown by the ow visualization images in Fig. 18, the
displacement thickness of the separated shear layer was
reduced by the ow control, but there still appeared to be
a separated bubble near the trailing edge with continued
periodic shedding.
At 5, the pressure distributions in Fig. 19 and 20 illus-
trate how the 65% slots are more eective at altering the
pressure distribution. Near the trailing edge, the base
pressure was improved by the 65% slots, and the cross
over in the pressure distribution was moved downstream
{ corresponding to less separation. The same eect was
measured in the wake velocity decit proles shown in
Figs. 21 and 22. These measured proles showed the re-
duced thickness of the time averaged wake caused by the





































(Experimental configuration with no slots)
a) Integrated lift for baseline case with no slots.






































(Experimental configuration with no slots)
b) Integrated drag for baseline case with no slots.
Fig. 14 Lift and drag variation with angle of attack
for the baseline case , no slots.
ow control, as well as the increased momentum near the
center of the wake.
CFD Results with Flow Control
The  = 5 case was computed both with and without
ow control for the same conditions as the experiment.
The eect of slot location is shown in the pressure dis-
tributions plotted in Figs. 23 and 24. When compared
with the measured result (see Figs. 19 and 20, the CFD
results predicted an oppposite trend in terms of the op-
timum slot location. The base pressure was predicted to
improve for the 30% slots while the 65% slots did not
show an appreciable change in the computed pressure
distribution.
The computed streamlines for the baseline, 30% slots,
and 65% slots cases are shown in Figs. 25 and Fig. 26.
In these gures, contours of the turbulent kinetic energy
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Slots at 30% with control
Slots at 65% with control
Fig. 15 Measured lift coecient variation with ow
control.










































Slots at 30% with control
Slots at 65% with control
Fig. 16 Measured drag coecient variation with
ow control.
(TKE) are also shown in order to identify the location
and structure of the separating shear layer. When the
30% slots case in Fig. 25 is compared with the baseline
case, no change was detected. In contrast, the 65% slots
case (Fig. 26) shows a marked dierence in the distribu-
tion of turbulent kinetic energy in the separated shear
layer, however there is no change in the pressure distribu-
tion shown in Fig. 24. More details concerning the role
of TKE on the separation of fully turbulent boundary
layers is required to better understand how actuators in-
teract with the shear layer structure. It may ultimately
be this interaction that redestributes turbulent energy in
such a way as to force a change in the global ow state.
From the measurements, the signature of such a change
can be detected by the trailing edge pressure.



































Slots at 30% with control
Slots at 65% with control
Fig. 17 Measured chordwise drag coecient varia-
tion with ow control.
a)  = 0.
b)  = 10.
Fig. 18 Smoke ow visualization with and without
control.
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Run 33: no slots, baseline
Run 12: slots open at 30%, no control
Run 13: slots at 30%, with control 20V 120Hz
Fig. 19 Measured pressure distributions with slots
































Run 33: no slots, baseline
Run 26: slots open at 65%, no control
Run 27: slots at 65%, with control 20V 120Hz
Fig. 20 Measured pressure distributions with slots

























Run 012 Cdv = 0.0456 Cap = 0.070 δ
*
= 0.0182




Re = 0.9 million




Amp = 20V at 120Hz
no control (open slots)
Fig. 21 Measured wake velocity proles with slots

























Run 026 Cdv = 0.0333 Cap = 0.055 δ
*
= 0.0136




Re = 0.9 million




Amp = 20V at 120Hz
no control (slots open)
Fig. 22 Measured wake velocity proles with slots
at x=c = 65% for  = 5.
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Baseline CFD -no control
CFD with control at 30% slots
α = 5°
Fig. 23 CFD results for  = 5 baseline case with
































Baseline CFD -no control
CFD with control at 65% slots
α = 5°
Fig. 24 CFD results for  = 5 baseline case with
control at 65% slot.
X
Y








Turbulent Kinetic Energy: 0 3 6 9 12 15 18 21 24 27 30





















































Turbulent Kinetic Energy: 0 3 6 9 12 15 18 21 24 27 30
Fig. 26 CFD results for  = 5 case with control at
65% slot.
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1. Flow control was achieved over a typical range of
angles that would be experienced by the pylon area
of a military class helicopter. Delay of separation
over a thick airfoil produced a large decrease in the
chord-wise pressure drag and a reduced wake width.
Both of these results are signicant with respect to
helicopter performance and tail vibration.
2. The relative position of the ow control slot exit
and the boundary layer separation point appeared
to be the most important parameter governing the
ow control eectiveness. For low angles of attack
from  = 0 to 5, the downstream slot at 65% was
the most eective, while the upstream slot was most
eective at  = 10. The reason for this behavior
appears to be linked to the relative position of the
actuator slot to the separation location, where most
eective control occurs when the slot is located just
upstream of the separation line.
3. A blind CFD comparison using a RANS code
showed opposite trends when compared with the
measured results, and no appreciable separation
control was predicted. The reason for this discrep-
ancy appears to be related to challenges in predict-
ing the baseline ow separation case.
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